Films of Ni@CoO core-shell nanoparticles (NP Ni core size d ≈ 11 nm) have been grown on Si/SiO x and lacey carbon supports, by a sequential layer deposition method: a first layer of CoO was evaporated on the substrate, followed by the deposition of a layer of pre-formed, mass-selected Ni NPs, and finally an overlayer of CoO was added. The Ni NPs were formed by a magnetron gas aggregation source, and mass selected with a quadrupole mass filter. The morphology of the films was investigated with Scanning Electron Microscopy and Scanning Transmission Electron 
Introduction
Research on metal/oxide core-shell nanoparticles (NPs) is a major area of interest in material science because of the fundamental role of these materials in magnetic recording, catalysis, nanomedicine, and photovoltaics [1, 2] . In the past years, great attention has been devoted to design smart strategies to overcome the superparamagnetic (SPM) limit, which affects magnetic stability in NPs at room temperature (RT) and hampers the possibility of reducing the size of memory units [3, 4] . For instance, it can be easily estimated that a Ni NP with a diameter d ≈ 34 nm (corresponding to a volume V = 2.1 · 10 4 nm 3 ) has a blocking temperature T B = 300 K, by using the formula T B = KV/25k B and Ni anisotropy constant K = 0.5 · 10 4 J/m 3 [5] . The Exchange Bias (EB) effect can be of help in tackling this problem: in fact, the exchange interaction at the interface between an antiferromagnetic (AFM) and a ferromagnetic (FM) material induces an additional unidirectional magnetic anisotropy, leading to the well-known shift of the hysteresis loop. In this way, the EB can pin the spins in the FM material and stabilize their alignment along a magnetically pre-definite direction, increasing the magnetization stability [2, 6] . This effect was exploited in core-shell NPs with a FM metal core and an AFM oxide shell, like Co@CoO and Ni@NiO systems [2, 4, 7, 8] . In the case of Co@CoO NP films, it was found that T B , coercivity, and the EB field increase with the NP areal density, due to a modification of the magnetic properties caused by the neighboring oxide shells coming into contact, and providing a more efficient exchange interaction with the FM cores [3, 4] .
The control of the AFM/FM exchange coupling is a difficult task, because it depends on the structural details of the interface, and on the morphological, electronic, and magnetic properties of both the core and the shell. Some degree of tunability of the exchange coupling can only be achieved by a careful control of the NP synthesis and, consequently, of the NP physical properties (core/shell structure, shell thickness, oxide composition, and interface quality). Several methods have been used to synthesize metal/metal-oxide core/shell NPs: wet chemical synthesis, lithography, self-assembly, physical vapor deposition, and thermally assisted precipitation in a matrix [8] [9] [10] [11] [12] . The formation of oxide shells was generally obtained by oxidation of the metallic NP cores. This method was applied to Co@CoO [2, 3] and Ni@NiO systems [13, 14] . Physical synthesis obtained by evaporation and NP aggregation with noble gas carriers presents the advantage of a clean environment, which allows for the production of samples free of organic ligands [15] [16] [17] [18] [19] . Evaporation realized with a DC magnetron source also allows a good control over the NPs size and dispersion, by a careful adjustment of many parameters, namely the magnetron discharge power, the length of the aggregation region and the carrier gas flow [15] . Recently, this method was implemented with co-deposition : a separate evaporator, like for instance a thermal molecular beam epitaxy (MBE) source in the experimental chamber generates a beam of atoms that can form shells around the pre-formed NPs while they are being deposited on the substrate.
Alternatively, in the so-called sequential layer deposition mode, the NP can be embedded within two layers evaporated by MBE. The shells can be made of either metals or oxides, if the codeposition is performed in oxygen atmosphere [7, [20] [21] [22] . By this method it was possible to perform a systematic and accurate investigation of the morphology, structure and magnetic properties of Ni@NiO core-shell NPs by a number of different techniques [7] . Details about the FM/AFM interface structure were revealed and related to the presence of EB effects in the NP assemblies.
Moreover, tuning of the EB was achieved by changing the thickness of the NiO shell while keeping the Ni core size fixed, at variance with previous experiments where the shell was grown at the expenses of the metallic core [20] . In principle, non-native metal oxide shells can be grown in this way, widening the range of metal/oxide core/shell systems amenable to investigation and optimization [19, 21, 22] . From this point of view, a promising system is Ni@CoO NPs. In fact, the [7, 20] . At variance with the work described in ref. [19] , in which the experimental results were reported only for NPs with one specific size value for the core diameter and the shell thickness, the present study is focused on controlling the procedure of shell formation. Moreover, it discusses the evolution of the NP film morphology for different shell thickness, and it correlates the magnetic properties of the system with the chemistry of the core/shell interface region.
Experimental
The NP assemblies were grown in an experimental system consisting of three interconnected vacuum chambers [23] . The substrates used were p-doped Si (100) wafers with its native oxide (Si/SiO x ) for XPS, SEM, and XMCD analysis, and lacey C-coated copper grids for STEM measurements. A beam of pre-formed Ni NPs was created in a gas-aggregation magnetron source (nanocluster source NC200U, Oxford Applied Research: magnetron discharge power P = 35 W,
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and Ar flow f = 50 sccm) and mass-selected with a quadrupole mass filter (QMF), as approximately 90% of the NPs obtained from the source were electrically charged. In these conditions we could obtain Ni NPs with a linear size distribution between 8 and 15 nm and average diameter <d>=11 nm, as directly verified by analyzing the SEM images [7, 20] . 
Results and discussion
The Ni@CoO films have been investigated with SEM and STEM, in order to understand their growth morphology. Fig. 1 In all images, the granular structure of the films is very clear, and the resulting morphology is similar, as the NP film grows according to the random paving mode [18] . By looking more carefully at the images in Fig. 1(a) and (b), it can be observed that some smaller grains appear on the NPs at increasing coverage of the CoO overlayer. The small grains, which are not present on the Ni NPs prior to the deposition of the oxide, are due to the formation of CoO islands that tend to cover the NPs, forming a shell, in analogy with Ni@NiO NPs prepared by the same method [7] . In some cases the NPs appear to merge, as these growing islands extend also between neighboring NPs.
8 In the SEM image of Fig. 1(c Fig. 1(d) was taken close to a hole in the C film support (characteristic of the lacey type support used in the experiment) with some NPs partially suspended over the hole. On the carbon support, single NPs lie on the first CoO layer, which has the form of a "percolated" film, due to the coalescence of CoO islands during the growth process. The Ni cores present a regular shape, namely McKay icosahedral shape [24] , as already observed for Ni [22, 25] and for other fcc transition metals and alloys [21, 26, 27] . The
McKay icosahedra are due to multitwinning occurring during the NP growth in the source, and they consist of fcc Ni tetrahedral crystallites with slightly distorted (111) facets [26] [27] [28] . Some smaller grains appear on the NPs surfaces, which are an indication of the growth of CoO islands during the deposition of the CoO overlayer. This evidence for the Ni NP core structure was not observed in high resolution TEM results reported in ref. [19] . A possible explanation could be that the parameters governing the NP growth in the two experiments are different. In our case, "freezing" during the growth process causes the formation of a metastable icosahedral structure [26] [27] [28] [29] .
In order to collect information about the oxidation state of the Ni and Co atoms in the films, in situ XPS spectra were taken after each deposition procedure, focusing on the Ni 2p core level emission.
Co 2p spectra were also taken after the completion of the first and of the top CoO layers, and the same line shape, characteristic of bulk CoO, was observed in all the samples. Ni 2p spectra taken after the deposition of Ni NPs showed features characteristic of the metallic state, as observed in previous experiments on similar systems [7, 21, 23] . After depositing the top layer of CoO, the Ni 2p spectra showed a different shape, caused by the presence of an extra component, ascribed to oxidized Ni. As an example, the spectra reported in Fig. 2 were taken after the growth of the top CoO layer on three samples (named here A, B and C), using different deposition parameters (partial oxygen pressure, deposition time and Co evaporator power, see Table 1 ). A de-convolution of the Ni 2p spectra into a metallic Ni and an oxidized Ni component was performed to estimate the amount of oxidized Ni,, using the method described in ref. [30] . A Shirley background and a spectrum of metallic Ni (recorded from a bare Ni NP film) [23] with variable weight were subtracted from the spectra recorded after the deposition of the CoO overlayer, to obtain approximately the contribution of the oxidized Ni fraction to the XPS lineshape. The criterion used to estimate the relative weight of the metallic contribution was to subtract the largest metallic Ni spectral component, provided that the intensity in the energy region between 845 and 890 eV remained non negative [23, 30] . The lineshape of the component assigned to the oxidized Ni is very similar to that observed in NiO. However a broad, intense peak located at binding energy E b = 855 eV, corresponding to photoexcitation from Ni 2p 3/2 core level is observed, instead of the two features typical of stoichiometric NiO, which are respectively at E B =853.5 eV and 856 eV [23, 30] ; this finding suggests that Ni atoms are not completely coordinated with the six nearest neighbour O atoms, like in rock salt NiO [30] , possibly because of a large number of defects and/or local lattice distortion in this layer. The de-convolution analysis allowed to obtain also the area of the oxidized component A NiO , normalized to the area of the total spectrum (A tot ), as reported in Table 1 . The A NiO /A tot ratio found for the three samples varies between 0.45 and 0.64, but these values largely overestimate the real amount of oxidized Ni. In fact, the photoelectron escape depth λ has to be taken into account, which can be estimated at λ ≈ 1.0 nm for Ni 2p photoelectrons having kinetic energy E k ≈ 400 eV. As a gross approximation, the NP can be modeled as a spherical metallic Ni core with concentric NiO and CoO shells. Therefore, the photoelectrons coming from the Ni core travel through part of the core (depending on the depth of the site where the primary ionization process occurs) and both NiO and CoO shells, while photoelectrons from oxidized Ni travel through part of the NiO shell and the whole CoO shell. The method developed by Shard [31] was used, in order to estimate the thickness of the oxidized Ni shell, d NiO , reported in Table 1 . It can be observed that the values of d NiO obtained for the three samples range between 0.3 nm and 0.6 nm.
These values correspond to ca. 1 -1.5 NiO crystal cells (a NiO =0.417 nm). It is therefore reasonable to deduce that when the CoO shell is formed, the two (samples A and B) or three (sample C) outmost atomic layers of the Ni core are oxidized. It is expected that the presence of this interfacial region affects the exchange coupling between the AFM shell and the FM core. The method used here to synthesize Ni@CoO NPs is similar to previous works on Ni@MgO [20] , FePt@MgO [21] and Ni@NiO [7, 19] NP films. In all cases, the oxide shell did not modify the original structure of the multitwinned core. Interestingly, XPS data did not reveal the formation of oxidized Ni in Ni@MgO [20] . The reason may be ascribed to the lower electronegativity of Mg (1. Finally, XMCD experiments were carried out on some Ni@CoO NP films. Fig. 3 shows Ni L 2, 3 XMCD spectra taken at RT, under an applied field H=0.3 kOe and at remanence (H=0) for a NP film with t [32] to the difference spectra reported in Figure 3 . By assuming a degree of circular polarization P=0.8, it was found <m>≈0.35n h µ0/atom for H=0.3 kOe and <m>≈0.23 n h µ0/atom for H=0, where n h is the number of holes in the Ni d-band and µ0 is the Bohr magneton.
There is some uncertainty about the value of n h, which has been estimated to be between 1.5 and 1.78 [33] . Even with n h = 1.78, the obtained values for <m> are <m>≈0.61 µ0/atom for H=0.3 kOe and <m> ≈ 0.41 µ0/atom for H=0. These values are smaller than the value for bulk Ni (m=0.69 µ0/atom) [34] . The reason for these discrepancies could be that the film has not reached saturation under the used experimental conditions. This is supported by our previous observation on Ni NPs with <d> = 12 nm. In that case the Ni NPs reached magnetic saturation beyond 0.3 kOe, while bare NPs on 1 nm thick NiO layer saturated at ca. 1 kOe, and Ni@NiO core@shell NPs saturated at 1.5 -2 kOe) [7] . Nevertheless, the presence of dichroism at RT suggests a stabilization of the NPs caused by the presence of the AFM CoO shells.
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